■biiiiiiiiiiiii 

US0Q5789799A 

United States Patent [19] [ii] Patent Number: 5,789,799 

Voinigescu et al. [45] Pate jf latent; Aug, 4, 1998 



[54] HIGH FREQUENCY NOISE AND 

IMPEDANCE MATCHED INTEGRATED 
CIRCUITS 

[75] Inventors: Sorin P. Voinigesca, Kanata; Michael 
C. Mafiepaard. StittsviUc. both of 
Canada 

[73] Assignee: Northern Telecom limited, Montreal, 

. Canada 

PI] Appl. No.: 727,367 
[22] Filed: Sep. 27, 1996 

[51] IntCL 6 BOIL 27/082 

[52] VS. CI. 257/578; 257/565; 257/567; 

257/568; 257/569; 257/570 

[58] Reld of Search 257/578. 531, 

257/565, 566, 567, 568. 569. 570. 904; 
455/236.1; 363/16, 37, 22. 24 

[56] References Cited 

U.S. PATENT DOCUMENTS 

4,923,314 5/1990 Grandfidd et si 455/236 

4,980,810 12/1990 Mcdwuhan ct aL ... 363/16 

5,164,682 11/1992 Tanlp 33CV292 

OTHER PUBUCATTONS 

K.K. Ko et al "A comparative study on the various mono- 
lithic low noise amplifier circuit topologies for RF and 
microwave Applications" IEEE J. Solid State Circuits vol 
31. No. 8, Aug. 1996, pp. 1220-1225. 
F. McGrath et aL in M A 1.9GHz G aAs Chip set for the 
personal handyphone system", IEEE Trans. MTT vol 43, pp. 
1733-1744. 



A. Brunei, et al in "A Downoonverter for use in a dual mode 
AMPS/CDMA chip set", in Microwave J., pp. 20-42, Feb. 
1996. 

S. Voinigescu. et al "A scaleable high frequency noise model 
for bipolar transistors with application to optimal transistor 
sizing for Low noise amplifier design" to be published at the 
Bipolar Circuits and Technology Meeting, 30 Sep. 1996. 

Primary Examiner—Carl W. Whitehead. Jr. 
Attorney, Agent, or F/rro-^Angela C. de Wilton 

[57] ABSTRACT 

An monolithic integrated circuit comprising a transistor- 
inductor structure is provided having simultaneously noise 
matched and input impedance matched characteristics at a 
desired frequency. The transistor-inductor structure com- 
prises a first transistor Q 1 which may be a common emitter 
bipolar transistor or common source MOSFET transistor Q £ . 
a second optional transistor Qj, a first inductor L E in the 
emitter (source) of Q x , and a second inductor L B in the base 
(gate) of Ql. The emitter length l^ A . or correspondingly die 
gate width w r of Ql is designed such that the real part of 
its optimum noise impedance is equal to the characteristic 
impedance of the system. Zq, which is typically 50A. The 
first inductor provides matching of the real part of the 
input impedance and the second inductor h s cancels out the 
noise reactance and input impedance reactance of the struc- 
ture. The resulting simultaneously noise and impedance 
matched integrated circuit provides optimal performance. 
The optimized transistor-inductor structure has particular 
application to silicon integrated circuits, such as low noise 
amplifi ers and mixer circuits, for wireless and RF circuit 
applications at 5.8 Ghz, previously reported only for GaAs 
based circuits. Other basic silicon integrated circuits were 
optimized at frequencies up to -12 GHz. 

29 Claims, 11 Drawing Sheets 
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HIGH FREQUENCY NOISE AND expensive than silicon circuits. Consequently, if matching 

IMPEDANCE MATCHED INTEGRATED losses were reduced for silicon substrates to allow for design 

CIRCUITS of high performance wireless circuits, these circuits could be 

fabricated in silicon with significant cost savings relative to 

FIELD OF THE INVENTION 5 similar GaAs circuits. 

This invention relates to high frequency noise and imped- f , Tnft<im , „, _ _ _ 

ance matched integrated cteu^dTmemwlok^ SUMMARY OF THE INVENTION 

circuit design, with particular application to silicon into- jfe present invention seeks to provide improved noise 

grated circuits using integrated inductors for RF circuit and inupcuaucc matching for monolithic integrated circuits, 

applications. 10 particularly for silicon integrated circuits for high frequency 

■"ocoo™ °™ ■««■» . 2EX h iE£5Sr»:^?S 

Successful exploitation of wireless consumer products avoids the above mentioned limitations, 

relics on highly integrated low cost integrated circuits. Thus according to one aspect of the present invention 

Steady improvements in transistor performance and demand there is provided an integrated circuit including an inte- 

far higher levels of integration have led to. the increased grated transistor-inductor structure comprising: 

application of sttcon t"hnology for RF and wireless circuit a fransistor tavi geometric dimensions comprising a 

applications. Indeed, cost effective silicon-based integrated characteristic dimension, the characteristic dimensbn 

circuits are now available forjwreless personal conimuni- being an emitter length, \ E for a bipolar transistor, and 

canons systems at lower bit rates in the -1 GHz band. a ga ^ width Wg for fid /effect transistor, the charac- 

Recent developments in broadband multimedia commu- teristic dimension being selected to provide the real 

nications systems are based on wireless asynchronous trans- part of the optimum noise impedance equal to the 

fer mode (ATM) transmission in the 5 GHz band. Although characteristic impedance of the integrated circuit Zq. 

GaAs circuits remain several times more expensive than ^ thereby providing noise matching of the transistor at a 

silicon circuits, the feasibility of using lower cost silicon selected operating frequency and bias current density; 

based technology in this frequency band has been limited. md a ive network consisting of a first 

due to significantly higher substrate and interconnect losses mductor for me real part of the input imped- 

in oucnnidrtve to GaAs. ^mstoncally^ihcon technology m inductor for cancelfing ouTthe 

has suffered torn a lack of high Q mducton. More recently. M part of mc mput impedance and the noise 

improved inductor performance has been obtained using reactance respectively, thT drcmVmereby providing 

microstnp transmission line inductors. simultaneous noise and input impedance matching. 

Nevertheless, whether designing high frequency GaAs or Optimization of the transistor geometry achieves noise 

silicon based circuits, for example, tuned low noise amplifier matching of the transistor and reduces the number of net- 

(LNA) and mixer circuits for wireless systems, simultaneous 33 work matching components required to meet impedance and 

noise and impedance matching presents a challenge to noise specifications of the circuit and thus significantly 

irnproved performance. There is a trade-off in noise and reduces the circuit area. The noise and impedance matched 

input Impedance matching, as discussed by K. K. Ko et ai, integrated circuit structure comprising an optimised 

"A comparative study on the various monolithic low noise intcgrated-transistor-inductor structure provides improved 

arnpli fier circ uit topologies for RF and microwave Applica- 40 performance at high frequencies suitable for RF and wireless 

tions M IEEE J. Solid State Circuits voL 31. no. 8, August applications such as tdecommunications. 

1996. pp. 1220-1225. This trade-off is caused mostly by the The first inductor is selected to provide matching of toe 

fact that the transistor size is traditionally cxmsidered as a real part of the input impedance and is approximated by 

fixed design parameter, and a library of certain standards L £ *=^>/CD r The second inductor matches the imaginary part 

sizes are available. Thus, conventionally, a passive network 45 of toe input impedance and the noise impedance to 0 Q by 

is designed around a given transistor in order to achieve setting L^l/orC^-L^, 

noise inatching and/or impedance matching. The passive Typically the characteristic impedance of the system Zq is 

network itself contributes losses and degrades the noise 50Q. Zq may be increased from the typical 50ft. if required, 

figure, as discussed by F. McGrath et aL in "A 1 .9 GHz GaAs i D order to improve performance further. 

Chip set for the personal handyphone system", IEEE Trans. 50 where the integrated circuit comprises a bipolar transistor 

MIT Vol. 43, pp. 1733-1744, 1995 and by A. Brunei et aL comprising an emitter, base and collector, coupled in com- 

in *'A Downconverter for use in a dual mode AMPS/CDMA mon emitter configuration, the length 1* of the emitter is 

drip set", in Microwave J., pp. 2(M2. February 1996. optimized to provide noise matching of the transistor, and 

The losses in the passive network increase as the network the first inductor is an emitter coupled inductor L £ for 

become more complicated, and a significant area of an 5s matching the real part of the input impedance Zq. and the 

integrated circuit may betaken up by the matching network. second inductor is a base coupled inductor L B for niatching 

For example, in typical low noise amplifiers and GaAs mixer the imaginary part of the input impedance and noise reac- 

circuits discussed in the above mentioned references to Ko, tance to OfL 

McGrath and Brunei, either toe noise figure or input imped- Alternatively, when the transistor comprises a field effect 
ance matching are sutMjptimal, or the passive matching 60 transistor comprising a gate, source and drain, coupled in 
circuit is excessively complex, occupying a large semicon- common source configuration, the width w G of the gate is 
ductor area. optimized to provide noise inatching of toe transistor, and 
It is well known that high frequency losses are partial- the first inductor is a source coupled inductor L E for match- 
lady severe on semiconducting silicon substrates, relative to ing the real part of the input impedance Zq, and the second 
serm-insulating GaAs substrates. On the other hand, while 65 inductor is a gate coupled inductor L B for matching the 
passive components are less lossy on GaAs substrates, toe imaginary part of the input impedance and noise reactance 
present cost of GaAs circuits is at least a factor of two more to Oft. /) 
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Practically, a second transistor Q2 is added fox input/ 
output buffering, the second transistor being coupled to the 
first transistor in cascode configuration, and size ratio of Ql 
to Q2 being determined by the ratio of the peak f T current 
density and the minimum noise current density. 

Thus according to another aspect of the present invention, 
there is provided an integrated circuit including an inte- 
grated transistor-inductor structure comprising: 
first and second bipolar transistors in cascode 
configuration, each transistor comprising an emitter, 
collector and base, the first transistor being coupled in 
common emitter mode and the second transistor 
coupled in common base mode, 
the first transistor having a emitter length 1^ selected to 
provide to provide the real part of the optimum noise 
impedance equal to the characteristic impedance of the 
integrated circuit Zq. thereby providing noise matching 
of the transistor at a selected operating frequency; 
a first inductor L E coupled to the emitter of the first 
transistor, for matching the real part of the input imped- 



to 



15 



means for supplying an first input (RF) signal wu^ied to the 
first transistor base through the second inductor L B \ a second 
base inductor coupled to the base of the second transistor 
and means for supplying a second input (LO) signal coupled 
to the second transistor through the second base inductor; 
the transistor emitter coupled to an emitter degeneration 
means comprising the first inductor Lg. for generating an 
output (DP) signal at output means coupled to the collector of 
the first transistor. 

Bach transistor may. for example, be a bipolar transistor 
selected from the group consisting bipolar junction transis- 
tors (BJIs) or heteroju notion bipolar transistors (HBTs). 
Alternatively, the tran sistors may be field effect transistors, 
i.e. silicon MOSFETs or MESFEIs. JFETs. and HEMT 
transistors. Thus the noise and impedance matched circuits 
may be implemented, for example, in silicon, silicon 
gennanium, or a m-V compound semiconductor. By pro- 
viding simultaneous noise and impedance matching, thereby 
reducing substrate losses, the design methodology provides 
for particular improvements in the high frequency perfor- 



ance to Zq, and a second inductor L*. coupled to the 20 mance of silicon based circuits. 



30 



35 



40 



base of the first transistor, for cancelling out the imagi- 
nary part of the input impedance and the noise reac- 
tance respectively, the circuit thereby providing simul- 
taneous noise and input impedance matching. . 

The emitter length 1^ of the second transistor is selected 
to provide that it is biased at the current density at which its 
cutoff frequency reaches a maximum for maximizing gain 
and frequency of operation. The size ratio, Le. the ratio of the 
emitter lengths, of the first and second transistors is deter- 
mined by the ratio of the peak f r current density to the 
minimum noise current density. 

The design of the transistor-inductor structure is based on 
a novel approach to design methodology in which the size of 
the transistor is designed first so that real part of the 
optimum noise impedance of the transistor is noise matched 
to the characteristic impedance of the system Zo* typically 
50Q. at me desired frequency and collector current density. 
Since the transistor is an active device, noise matching Is 
achieved without losses and without noise figure degrada- 
tion* The task of noise matching of the transistor is thus 
removed from the passive network Losses in the passive 
network around the transistor are reduced, and the resulting 
ffiflifhing network is therefore simpler, and less lossy than in 
current known circuit designs. 

lb complete the noise and impedance matched structure, 45 
a minimal passive network comprising only two lossless 
inductors is designed to provide impedance matching with 
the lowest possible degradation of the overall noise figure. 
The simplified matching network reduces components and 
saves area, contributing to significant cost reduction. 

The noise and impedance matched transistor-inductor 
structure may be used to build integrated circuits such as low 
noise amplifiers and mixer circuits with significantly 
improved performance at high frequencies. Performance of 
noise and impedance matched silicon transistor-inductor 
devices has been obtained which is cornparafaie to that of 
GaAs at frequencies in the 1 to 12 GHz range. 

For example, the noise mntched transistor-inductor struc- 
ture may provide a circuit operable as a low noise amplifier, 
comprising: means for sin?prying a first input signal coupled 60 
to the first transistor base through the second inductor L n ; 
the transistor emitter coupled to an emitter degeneration 
means comprising the first inductor and output means 
coupled to the collector of the first transistor for generating 
an output signal 

Correspondingly, the transistor-inductor structure may be 
used to provide a circuit operable as a mixer, comprising: 



The simple and compact integrated transistor-inductor 
structure is used to demonstrate the feasibility of fabricating 
a cost effective, high performance, high speed silicon inte- 
grated circuit, which is simultaneously noise and impedance 
matched. 

According to a further aspect of the present invention 
there is provided a silicon integrated circuit structure com- 
prising a integrated transistor-inductor structure for opera- 
tion as a double balanced mixer comprising: 

an input pair of common emitter transistors Ql and Q2. a 
mixing quad comprising two differential pairs of com- 
mon base transistors Q3 and Q4. and Q5 and Q6. each 
transistor of the input pair Q2 and Q2 coupled to the 
emitter of a respective one of the pairs of mixing quad; 
a pair of emitter inductors L B coupled to the emitters of 
the input pair Q2 and Q2. the emitter inductors h s 
providing emitter degeneration means, and a base 
inductor L B coupled to the base of one of first pair of 
Q2 and Q2, the other base being AC grounded; 
input means for supplying differential input (RF) signals 
. coupled to the bases of the input transistor pair through 
the second inductor L^. 
input means for supplying differential second input (LO) 
signals coupled to respective bases of each pair of 
transistors of the mixing quad, 
output means coupled to collectors of pairs transistors of 
the mixing quad for generating a differential output IF 
signal; and 

each of the transistors of the input pair Q2 and Q2 having 
a emitter length 1^ selected to provide the real part of 
the optimum noise impedance equal to the character- 
istic impedance of the integrated circuit 2^, thereby 
providing noise matching of the transistors at a selected 
operating frequency; 
the emitter inductors h s coupled to the emitter of the input 
transistors, for matching the real part of the input 
impedance to Zo. and the second inductor L*. coupled 
to the base of one of the input transistor, for cancelling 
out the imaginary part of the input impedance and the 
noise reactance respectively, the circuit thereby provid- 
ing simultaneous noise and input impedance m^^ing 
The size ratio of the transistors in the mixing quad and the 
inpu t pair is bas ed on ratio of the peak f T current den sity and 
65 the rmmTTmm noise current density. 

Advantageously, the circuit includes an LO reject filter 
comprising an series LC filter coupled between the differ- 
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cntial IF outputs, and a pa allel . resonator tuned on the from use of first level metal as ground planes to reduce 
second RF harmonic as an AC current source coupled in the substrate losses. 

emitter of the input pair. Consequently, substrate losses can be reduced, and very 
According to anotho- aspect of the present invention there significant in^^ts in performance of silicon based 

differential amplifier, comprising: achieved for high frequency RF circuit applications. 

an input pair of common emitter transistors Ql and Q2. «■« snl f «* losscs GaAs f othcr compound 
and an output pair of common base transistors Q3 and semiconductor implementations are lower than in silicon, 
Q4 coupled in cascode configuration; a pair of emitter 10 morc modcst performance improvements are obtained, 
inductors coupled to respective emitters of the input Nevertheless, the structure is also beneficial in avoiding the 
pair Ql and Q2, and a pair of base inductors L B coupled trade-off in noise and input impedance matching in design- 
to the respective bases of the input pair of Ql and Q2. ing GaAs and other m-V compound semiconductors to 

means for supplying a first input signal pairs coupled to obtain optimal performance. Accordingly, another aspect of 

respectively to the bases of the first transistor pair 15 ^ c present invention provides a method for providing a 

through the second inductors L^, . noise and impedance matched integrated circuit comprising 

for generating a pair of output signals at the collectors of 011 integrated transistor-inductor structure, comprising: 

the second transistors Q3 and Q4; first, determining geometric dimensions of the transistor 

each of the transistors of the input pair Ql and Q2 having to provide the real part of the noise impedance of the 

a emitter length 1^. selected to provide the real part of 20 transistor is equal to the characteristic impedance Zq at 

the optimum noise impedance equal to the character- a desired frequency and collector current density; 

istic impedance of the integrated circuit 2^ thereby mi then, designing a minimal passive matching circuit 

prcwdrngomse matching of the transistors at a selected comprising a first inductor to provide matching of the 

^ 0P<T .„ B rrequency, real part of the input impedance, and a second inductor 

the emitter inductors L* coupled to the enuttcr oftbc input 25 ou t the noise reactance and input impedance 

ttansjstors for matching the real part of me input ^ncTof the structure. 

impedance to Zq, and the base inductor L«, coupled to « . . . . . j • * ^ . . 

fccb^of oneof the input transistor, for cancelling out ^^ign^s achieved in two stages, J) the noise matched 

the imaginary part of theinput impedance and (be wise tnuisist0r wmch optimises noise matching at a 

reactance respectively, the circuit thereby providing 30 selected frequency, and 0) the circuit design stage in which 

simultaneous noise and input impedance matching. simultaneous impedance and noise matching is pursued. 

The emitter lengths of the first and second pairs of is * transistor a characteristic dimension, the 

transistors are characterized by being twice as large as the characteristic dimension being an emitter length l E for a 

corresponding emitter lengths in the corresponding single bipolar transistor and a gate width w f for field effect 

ended circuit 35 transistor, which is designed to provide that die real part of 

Thus, the integrated transistor-inductor structure may be its optimum noise impedance is equal to the characteristic 

used to advantage in providing various input impedance and impedance of the system, Zo* 

noise matched low noise amplifier circuit and a mixer circuit The first stage is dependent on the availability of scalable 

of simple and compact design. In particular, the circuits may models, which have not until recently been available in the 

be implemented in silicon, and provide high frequency 40 literature. Indeed, the design approach requires a physically 

performance more generally found only in OaAs circuits. based scalable model for bipolar transistors, and accurate 

These structures may be fabricated by known silicon process closed-form noise parameter equations suitable for circuit 

technology, and implemented in either high speed silicon design. Designing a nunimal passive impedance matching 

bipolar or silicon MOSFET technologies. Other high speed circuit comprising first and second inductors, comprises 

silicon based devices, for example SiGe bipolar transistors 45 determining the inductance of an emitter inductor to 

may alternatively be used. match the real part of the input impedance to and then. 

Specifically, monolithic silicon low noise amplifier and a determining the inductance of a base inductor L B to simul- 

mixer circuits operable at 5.8 GHz are demonstrated to be taneously match the imaginary part of the input impedance 

feasible with performance characteristics previously and the noise impedance to OQ. 

reported only for GaAs based circuits. This improved per- *> This design approach is unique in treating the transistor 

formance at a record big}) frequency for a silicon based geometry as a design variable. In particular, a characteristic 

circuit is dependent on several factors. Firstly, the uncon- dimension of the transistor, i.e. the emitter length of a 

ventional design methodology presented herein, in which bipolar transistor, or the gate width of a field effect transistor 

the transistor emitter length is treated as a design variable. is optimised to achieve noise matching of the transistor. The 

Initially, the transistor emitter length is optimised to obtain 55 design methodology allows for simultaneous optimization 

noise matching, which then allows a very much simplified of both the transistor parameters and the passive matching 

matching network. Secondly, the use of a high performance network component parameters. 

silicon bipolar technology takes advantage of recent The steps of stage L Le. designing a ncdse matched 

improvements in inductors and microstrip transmis sion lines transistor comprise: detennining an optimal noise current 

using multilevel metallization schemes. The latter benefit density l Qi according to equations: 
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and determining the optimized emitter length by miming of the system Zq. typically 5GQ, to achieve noise matching 

a simulation using a scalable model to bias the transistor ft 1Q of the transistor; 

the optimal noise density and adjust l B until R 5ap (I E ^^ ) the FIG. 6 shows the optimum noise impedance of the tran- 

characteristic Impedance of the circuit, thereby detennining sister plotted on a Smith chart at the end of the transistor 

the transistor size and bias current Thus, the optimal noise design stage; 

current density is determined by using F MW vs. logflc) FIG. 7 represents the low noise circuit design flow step of 

curves, ... . , 15 adding an emitter inductor h E to match the real part of the 

Preferably, the design is earned out using a commercially input inmed^ to Z»\ 

available design tool such as HSFICB™. The scalable TlJ ~T - a/ i ~- - ^ • n ^ * 

models pixAideanalytical equations for deteniiUiation of the J? 0 " 8 ^°* * C 7 ?™ Xdcsi & flow ^ 

j T tUm ^ M • ^ nnA adding a base inductor L B to simultaneously match the 

noise and impedance parameters ^of the tnurtm and m rf mc ^ tsnpalmcc and noise impedance 

passive components using a standard design tooL These ^ J™*™ 1 * y F ixu^^au^ auu UW ac wyeum** 

equations were used to develop customised input decks fcr ^ 

HSFICB to derive the required design parameters. Sample FIO. 9 shows a circuit schematic of a LNA (core) circuit 

input decks developed for HSPICE for either bipolar tran- according to a fourth embodiment of the present invention; 

sisters or MOSFETs are included in Appendices A and B, FIG. 10 shows a circuit core schematic of a double 

respectively. Alternatively appropriately customised decks ^ balanced mixer (core) circuit according to a fifth embodi- 

to solve the equations may be created for other design tools. ment of the present invention; 

Thus optimized performance is readily obtainable with FIG. 11 shows measured values for the conversion gain 

cornmercially available or custom design tools. and input and output return loss for the low noise amplifier 

Thus, optimized noise and impedance matching of an circuit of the fourth embodiment; 

integrated circuit is achieved in a integrated circuit of simple ^ FIG. 12 shows measured values for the conversion gain 

design by a two stage design approach providing a noise and input return loss for the mixer circuit of the fifth 

optimized transistor and a minimal inductor network for embodiment; 

impedance matching. A simple transistor^nductor structure ^ 13 shows the measured noise figure as a 

implemented in silicon, which is siinultaneously noise and function of for the low noise amplifier circuit 

impedance matched. This structure is advantageously used ^ noisc ^ impedance matched for 5.8 GHz; 

to raovMe sfficon ^ k ^^ M * FIG. 14A shows a rAotcrfcrograph layout of the low 

Sm^base^ technology. ^^^^ 

BRIEF DESCRIPTION OF THE DRAWINGS 40 FIG. MA shows a photomicrograph layout of a gain 

bandwidth and input impedance optimised Darlington 
FIG. 1 shows a circuit schematic of part of a monolithic amplifier (16 dB gain at 8 GHz designed using the scalable 
silicon integrated circuit comprising a transistor-inductor mo del; 

structure according to a first embodiment of the present nQ 17Afihows a photonricrograph layout of a noise and 
invention; 45 irnpedance optimised Darlington amplifier (8 dB gain at 14 

FIG. 2 shows a circuit-schematic of part of a monolithic GHz) designed using the scalable model; 
silicon integrated circuit comprising 1. transiste-inductor FIG. 18 shows the measured gain and input return loss of 
structure according to a second embodiment of the present a 12.6 GHz bandwidth silicon Darlington amplifier; and 
invention, ^ fig. 19 shows the measured gain and group delay ripple 

FIG. 3 shows a circuit schematic of part of a monolithic ^ me GHz bandwidth Darlington amplifier: 
silicon integrated circuit comprising a transistor-inductor 

structure according to a third embodiment of the present DESCRIPTION OF THE EMBODIMENTS 

invention; Part of a monolithic silicon integrated circuit 16 compris- 

FIGS. 4 to 8 represent sequential steps in the design Sow 55 ing an integrated Iransistcr-inductor structure 12 according 
for the transistor-inductor structure of the first embodiment, to A first embodiment of the present invention is shown 
ie. scfiernatically in FIG. 1, and comprises a first transistor 14, 

FIG. 4 shows graphical plot of the dependence of the which -is a common emitter bipolar transistor Q l for low 
noise parameter F^y, and transistor parameters f r and fj^^ noise amplification, and a second transistor 16, which is a 
on the collector current ^ of the transistor, from which, for go common base transistor Q 2 fox input/output buffering, the 
a given transistor geometry 1^^^ and bias voltage Vce* two transistors being coupled in cascode configuration; a 
the optimal noise current density J c is derived at a desired first inductor 18 L. E is coupled to the emitter 20 of the first 
frequency cor, transistor Q & ; and, a second inductor 22 L B coupled to the 

FIG. 5 shows a graphical plot of the emitter length 1^ as base 24 of the first transistor Q,. Noise and irnpedance 
a function of noise parameters F^ and the optimal 65 matching of the transistor-inductor structure is achieved by 
source irnpedance R^. from which the emitter length is designing the transistor 14 having an specific geometry, and 
adjusted to set R^k) equal to the characteristic tmpMiniy. in particular a specific emitter length 1^ which provides that 
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the real part of its optimum noise impedance at the desired matching with the lowest possible degradation of the overall 
frequency of operation and collector current density is equal noise figure* The minimal matching network, reduces coin- 
to the characteristic impedance Zq of the system, i.e. the ponents and saves area, and therefore contributes to signifi- 
integrated circuit Once the transistor geometry is determined cm ^ 

to j^vide noise matching, design of the matcMag network 5 md desi of ^ mtegrBted transistor- 
is reduced to adding a very simple passive matching network . " * . , ~ "* 
using only two mdiclors/Th^ kductor 20, provides mducto structure of the circuit is possible only by the 
matching of the real part of the input impedance, and the availability of scalable models for transistors, as described 
second inductor 22. L B cancels out the noise reactance and ia & reference co-authored by the present-inventors, entitled 
input impedance reactance of the structure. Specifically the 1Q "A scaleable high frequency noise model for bipolar tran- 
inductance values are determined to be L^ZJ^ and sistors with application to optimal transistor sizing fox Low 
L^l/co^Cfe-Lp. noise amplifier design" to be published at the Bipolar 
The size ratio of the emitter lengths of the first and second Circuits and Technology Meeting. 30 Sep.. 1996. which is 
transistors is determined by the ratio of the f r current incorporated herein by reference. The scalable models pro- 
density to the minimum noise current density. In the ^ vide analytical equations describing noise parameters, as a 
circuit represented in FIG. 1. the ratio is 8, to 1, which function of the optimal noise current density J QV 
is technology dependent As described in this reference, a series of three equations 
Thus an integrated transistor-inductor structure compris- werc derived, defining the noise resistance R„, opdmnm 
ing a transistor Ql having an emitter length designed to souroc admittance. Y^,. and minimum noise figure F MW , 
provide noise matching at a desired operating frequency and a as rf mc shm ^ sourccs ^ UansisXoi Y 
a simplified matching network of two inductors and L* parameters . scries emitter resistance r^ and the total base 
of the ap^pmte values to rrovides impeo^ of £^ ^ bias cuirent dependence of the noise 
the circuit, provides a simultaneously noise and impedance * » r r . . _ _ , 
matched circuit This structure is particularly advantageous P°™f™. appears in explicit form via terms in l B and y 
in optimising performance of silicon based circuits for „ ™ T * in ftc P^ c ^; * 
wireless and RF applications. derivation of these equations, it was assumed that the base 
The design of mc fransistor-mductor structure is based on and collector noise currents are uncorrelated. This is a 
a design niethodology, ix. a method of designing an inte- reasonable simplification given me different physical origins 
grated circuit according to another aspect of the present of the two noise currents. 

invention, which will be described in detail in the following ^ For bias current and frequency ranges used in wireless 

section, and in which the geometry of the transistor is design, (he model reduces to the following simplified yet 

determined by design, i.e. considered to be a variable rather accurate equations 



(i> 



(2) 



«y (4) 

(5) 



than fixed design parameter. That is, the emitter length of a These equations can be employed to tailor the device size, 
bipolar transistor, or corre spondingly, the gate width of a ^ Typically, for a bipolar transistor, it is required only to 
field effect transistor (FET), is adjusted so mat the transistor optimize the emitter length 1^ to achieve optimal low noise 
is noise matched to the characteristic impedance of the performance and minimum matching network losses. Once 
system, typically 50O, at the desired operating frequency, a noise matched transistor is obtained, impedance matching 
thereby mimmiring the losses in the passive network around is achieved very simply by selecting appropriate values for 
the transistor. Since the transistor is an active device, noise the two inductors Lp and L B as defined by equations 3 and 
matching is achieved without losses and without noise figure 60 5. These two inductors are the only required passive corn- 
degradation. The task of noise matching is thus removed ponents used for impedance matching. The structure is 
from the passive network. The resulting matching network is compact and the minimal impedance matching circuit con- 
therefore simpler, and less lossy than in presently known tributes significantly to reducing possible degradation of the 
circuit designs. overall noise figure of a monolithically integrated transistor- 

7b complete the noise and impedance matched transistor 65 inductor structure, 

structure, a minimal passive network comprising two loss- As indicated by equations ( 1) and (2), the noise resistance 

less integrated inductors is designed to provide impedance and the optimum noise admittance scale as l E and l/\ 
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respectively, p is the dc current gain and n is the collector of the transistor at the end of the fust stage is shown plotted 

current ideality factor, typically n=l. on a Smith chart in FIG. 6. 

V WN of the transistor is invariant to changes in emitter Stage H 

length provided that the length to width ratio i^w E of the Once the optimized geometry of the noise matched tran- 

cmitter stripe is greater than 10. 5 sistox is determined, an emitter inductor L E is added to 

All noise parameters are oon-Hnear functions of emitter match the real part of the input impedance to Zq as shown 

width, through the IA^b) term Tht ability to, predict ^ mGt 1% md de&D&d ^ (3 )asa function of the 

the impact of the statistical emitter width and length varia- frequency f 

tions on the ndse^paiametos depends onthe availability of lossles [ L does not chan ^ valuc of ^ te a 

a physically based, scalable compact model. in , . ~ M ^ * ^ rtnn Jv ™*;^ ;* jurL-i 

While noise parameters are avaHaWe from the post pro- 10 docs f^JfV^ rcac J anoc x ^i> which is defined by 

ccs^Mc^ equation W. finally, sin^aneous noise and input imped- 

equivalent noise voltages and currents can be modelled ance matching is obtained by connecting an inductor h B in 

directly using SPICE like simulators. Thus customised mc **** of mc transistor Q 1 ■* sh0WD m 8 This 

HSPICE input decks were developed; based on equations 1 inductor cancels out the reactance due to the input 

to 3, to compute siniultaneously f^ ft, and 15 capacitance. of the device, and at the same time, it 

as functions of ic in a single simulation run. The HSFICE transforms the optimum noise reactance of the amplifier to 

nric"1f*t«* noise parameters were found to agree within 0.25 Oft. L B is defined by equation (5). 

dB up to 10 GHz with those generated by LIBRA. In essence, this design methodology ensures that the real 

Fox the combination of the first transistor and the two part of the optimum noise impedance of the transistor is 

inductors, a unique combination of l m * J Q1 * L E and L B is 20 equal to the characteristic impedance 2^ at desired fre- 

determined that leads to a structure with minimum noise quency and collector current density, 

figure F M ih and ideal input impedance match. While the Optimal noise and input impedance matching is achieved 

second transistor is, optional and may be omitted for prac- with the simplest matching network. Optionally, a suitable 

tical purposes the second transistor is included in order to matching network in the collector may be added to maxi- 

marfmiMt the power gain and the frequency of operation. 25 mize the power gain. Hie scaleable model allows for the 

The size of the second transistor Q2 is selected such that it transistor size to be uniquely dimensioned in order to 

is biased at the current density at which its cut-off frequency achieve optimal noise matching. The optimal transistor size 

reaches a maximum. The size ratio of Ql to Q2 depends on and bias current decrease with increasing frequency, 

the ratio of the peak f r current density to the ininimum noise This approach differs significantly from conventional 

current density. 30 designs in which the transistor size is not a design variable. 

In practice, the design of a noise and impedance matched but a fixed parameter which cannot be optimized by a circuit 

circuit is achieved in two stages* I) the noise matched designer. A scaleable noise model has not previously been 

transistor design stage and IT) the circuit design stage in available in the literature. Conventional circuit design for 

which simultaneous impedance and noise matching is pur- low noise has relied on time consuming trial and error 

sued. 33 processes. 

Based on the scalable model described in the above Single transistor test structures with emitter inductors 

mentioned reference, the first stage of the design process only, and with both base and emitter inductors were fabri- 

involves finding the optimal noise current density, from an cated in a proprietary Northern Telecom silicon bipolar 

analytic equation as set out below, using a commercial process (NT25) at 1.9. 2.4 and 5.8 GHz. As described in the 

design tool, Le. HSFICE. 40 above mentioned reference to Voinigescu. test structures 

The noise parameter equations set out in the references, in were fabricated with various emitter widths, lengths, and 
analytical format were entered in an HSPICE simulator single and multistripe geometries. Agreement between mea- 
input deck to compute simultaneously the minimum noise sured parameters and Spice Gummel Poon modelled param- 
figure FjiHvt the cut-off frequency fy> nmimiim oscillation eters were well within the typical on wafer noise, measure- 
frequency iuAx noise resistance and optimum source 45 ment error. 

■Hir»ft« n™» Ygop as functions of the transistor collector Measured data confirmed the simultaneous noise and 

current 1^ f or a bipolar transistor* (or correspondingly, as impedance match. The input return loss was better man -19 

functions of transistor drain current 1^ when a MOSFET dB in all examples. The finite Q of the fabricated inductors 

transistor is to be considered). Corresponding sample on silicon substrates was typically in the range from 7 to 10. 

HSPICE decks for a bipolar and MOSFET transistor are so degrading the noise figure by 0.7 to 1 .4 dB. It was found that 

given in the appendices A and B respectively. the base inductor contributed 0.4 to 0.7 dB to the measured 

The design of the optimized structure of FIG. 1. based on overall noise figure, 

a bipolar transistor, is Described in the following example: Part 49 of amonolimic silicon integrated circuit operable 

Stage I as a differential amplifier according to a second embodiment 

The optimal noise current density J 0J is obtained from 55 of the present invention is shown schematically in FIG. 2. 

equation ( 1) using an HSFICE deck, as represented in FIG. This circuit is the differential equivalent of the single ended 

4. which shows graphically the dependence of Fj^ f r and amplifier structure 10 shown in FIG. 1. Thus, the circuit 40 

^ on the collector current From mis data, the optimal comprises an input pair 42 and 44 of common emitter 

noise current density J Ql is determined for the desired bipolar transistors Ql and Q2 for low noise amplification, 

operating frequency. Since is a function of 1^ the 60 and an output pair 46 and 48 of common base bipolar 

emitter length, this parameter is adjusted so that the opti- transistors Q3 and Q4 for input/output buffering, the two 

mum source resistance Rsar equals the characteristic pairs being coupled in cascode configuration. Inputs for 

inmedance of the system Zq (50ft) at the minimum noise supplying differential RF signals RF^and RF P are coupled 

current density and at frequency f, as expressed in equation to the emitters of the input pair Ql and Q2, and differential 

(2). which is represented graphically in FIG. 5. 65 output signals OUT P and OUT^ generated at outputs 

By these two steps, the transistor size, specifically 1^ and coupled to the collectors of output pair Q3 and Q4. Matching 

bias current are determined. The optimum noise impedance of the real part of the noise impedance of the input pair of 

EXH (K 
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(ran sisters Ql and Q2 is achieved as described for the single To demonstrate the performance improvements achieved 

ended structure of the first embodiment, by design of the in application of the matched transistor-inductor structure, 

transistors Ql and Q2 with appropriate an emitter length to two silicon integrated circuits were designed, a double 

make the real part of its optimum noise impedance at the balanced mixer and a low noise amplifier, for application in 

desired frequency of operation and collector current density 5 a 5,8 GHz down-converter. The two circuits were designed 

equal to the characteristic impedance t0 ^ simultaneously noise and impedance matched at the 

J ^y ** sh l c ? wn mat me Jriiiimum noise figure of a w input, and were fabricated in a proprietary Northern 

differential ^ ainplifier stage is identical to that of a single TOccom 25 GHz silicon bipolar process technology (NT25) 

ended amplifier stage. Consequently, the sire of each of the lieino ♦ _ lQnt<kH K . c _ T nuM * ™i«c;n~»« JZJ*i<*^J 

transistorZ Le. tneTmilter length l/of the input pair Ql and V s ? 8 base, double polysdicon transistors. 

.r* " , *u B iui £ftW iu t i« F uij«uyiiuiu inductors, and microstnp transmission lines. The three layer 
Q2 of the differential amplifier is roughly twice as large as * „. \ . tU 0 F Jt*TT " ' , , y 
mat of the single endedSge. Therefore, the emitter length I °f^ tl ° n ™* 2 *"f* ^num top metal feyer 
is indicated as i Eg *Oxl £ where i E is the emitter length of the for * e Beaton of lectors with Q s in the 6-10 
input transistor of the corresponding single ended circuit ran 8 e < flnd of metal 1 grounded microstnp lmes with Qs of 
shown in FIG. 2. Emitter inductors SO and 52. L B and L £ \ 6 * 81 26 GHz * Transistors have f r and of 24 GHz and 
provide matching of the real part of the input impedance and 13 38 GHz respectively at V C£ =1V. NF MW is typically 2 dB at 
base inductors 52 and 54, and L*\ cancel out the noise 58 GHz ^ BV caro BV cw> m 4 -2V and 15V re spec- 
reactance and input impedance reactance of the structure, as tively. 

described for the structure of the first erabodiment to A schematic of the core of a silicon double balanced mixer 

complete noise and impedance matching. Specifically the circuit according to a fourth embodiment of the present 

inductance values are determined to be L^Zc/ov and 20 invention is shown in FIG. 9. The circuit is a development 

Lj^l/art^-Li* Analogously, the ratio of the sizes of the based on a CDMA GaAs MESFET mixer architecture 

first and second pairs of transistors. Le. emitter lengths of the described io the Brunei reference, which is is a modified 

Ql and Q2, relative to the emitter lengths of Q3 and Q4, is Gilbert cell mixer incorporating an inductor/capacitor/ 

by the ratio of the peak f T current density to the ininimum resistor matching network. The circuit shown in FIG. 9 

noise current density, as determined for the single ended 25 differs in incorporating the noise and impedance matched 

amplifier. Thus the emitter lengths of Q3 and Q4 are '/a of the transistor-inductor structure, which simplifies the matching 

emitter length l E of the input pair Ql and Q2, or as shown network, as described above, and allows for implementation 

in FIG. 2. as 1^/4 where \ E is the emitter length of the input in silicon with performance comparable to GaAs at 5.S GHz. 

transistor of the corresponding single ended circuit shown in The mixer comprises an input pair of common emitter 

FIG. L 30 transistors Ql and Q2. each coupled to respective common 

Fart of a monolithic silicon integrated circuit 100 operable source differential pairs Q3. Q4 and Q5. Q6 which form a 

as a mixer circuit and comprising an integrated transistor- mixing quad. Differential RF inputs are coupled to the bases 

inductor structure 110 according to a third embodiment of of the input pair, and differential LO inputs are coupled to 

the present invention is shown schematically in FIG 3, and the bases of differential pairs of the mixing quad to generate 

comprises a first transistor 112, which is a common emitter 35 differential IF output signals at outputs coupled to collectors 

bipolar transistor Q, for low noise amplification, and a of the pairs the mixing quad. 

second transistor 114. which is a common base transistor Q 3 The emitter lengths of Ql and Q2 are designed to provide 

far mixing, the two transistors 116 L £ is coupled to the matching of the real part of the noise impedance, and first 

emitter 118 of the first transistor Q^ and, a second inductor and second inductors provide a passive matrh ing network. 

120 L 0 coupled to the base 120 of the first transistor Q,. An 40 as described above. Thus, the emitter inductors L E and L f * 

RF signal is supplied to an input coupled to the base of the provide matching of the real part of the input impedance to 

first transistor Ql through Lp. and an LO input signal are Z^,Thc base inductor L B provides for cancelling the imagi- 

supplied to an input coupled to the base 124 of the second nary part of the input impedance and the noise reactance, 

transistor Q2 through another base inductor 126 L^. thereby Since one of the RF inputs is AC grounded, a single base 

generating an IF output signal at an output coupled to the 45 inductor L B only is required. The mixer also features an LO 

collector 128 of the second transistor Q2. As in the low noise reject, series LC filter between the differential IF outputs, 

amplifier configuration of the first embodiment noise and and a parallel LC resonator, tuned on the second RF 

input impedance matching of the transistor-inductor struo- harmonic as an AC current source in the emitter of the input 

ture is achieved by designing the transistor 112 having an pair. 

specific geometry, and in particular a specific emitter length 30 Inductors, L^ replace conventional resistors for emitter 

l& which provides that the real part of its optimum noise degeneration. The inductors alleviated to a large degree the 

impedance at the desired frequency of operation and col- trade off between IIP3 and the noise figure. However, since 

lector current density is equal to the characteristic imped- the input third order intercept point. IIP3. is proportional to 

ance Zq of the system, Le. the integrated circuit Once the cog^^ and, since for ideal input match L^=^/2nf r IIP3 

traiisistOTgeome^isdrt 53 and input matching become intertwined, that is, 

design of the matching network is reduced to adding a very JSP3-<og /t !Z K /2id r 

simple passive matching network using only two inductors. In integrated circuit implementations, Zq can usually be 

The first inductor L^ provides matching of the real part of increased from the typical 50Q, if required, in order to 

the input impedance, and the second in doctor L, B cancels out further improve DT3. 

the noise reactance and input impedance reactance of the 60 A silicon low noise amplifier (LNA) circuit according to 

structure. Specifically the inductance values are determined a fifth embodiment is shown in FIG. 10, and has an archi- 

to be Lj^Zo/qv and L^l/co^-L^ The size ratio of the tecture similar to that usually implemented in GaAs circuits, 

transistor Ql and Q2. Le. the ratio of the emitter lengths of The circuit differs in mat it incorporates the simultaneously 

the first and second transistors, is detennined by the ratio of noise and impedance matched transistor-inductor structure 

the peak f r current density to the ininimum noise current In 63 comprising bipolar transistor Ql. and inductors L f and Lp. 

this example the emitter length ratio was 8:1, which is as described in the first embodiment, and is implemented ia 

technology dependent silicon for operation at 5.8 Gfaz. . 
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As shown in FIG. 10. the first transistor Q A is a 2x0.5*20 and provide a factor of at least two in cost reduction relative 
m 2 bipolar device, biased at a minimum noise current of 2.2 to a comparable GaAs implementation delivering similar 
mA. This is different from the mixer circuit of the fourth performance. 

embodiment, which is fully differential. It can be demon- The noise and impedance matched inductor-transistor 
strated that the minimum noise figure of a differential stage 5 structure may also be used for other RF and wireless circuits, 
is identical to that of the half circuit and that the optimum The availability of the scalable models and the analytical 
noise impedance is two times larger. As a result the size of noise parameter equations have opened up a new design 
each of the transistors in the input pair of the double philosophy for radio frequency (RF) integrated circuits and 
balanced mixer of FIG. 9 is 4x0.5*20 urn 2 and bias current microwave monolithic integrated circuits (MMICs). 
is 4 mA. roughly twice those of the LNA (FIG. 16). Both JQ For example, test results showed improved performance 
circuits are noise and input impedance matched to 50Q. In when the scalable model was applied to the design of silicon 
order to maximize gain and bandwidth, the size of the based Darlington amplifiers having 16 dB gain. 7.1 GHz 
transistors in the mixing quad was chosen 8 times smaller bandwidth and 8 dB gain 12.6 GHz bandwidth, the layouts 
than that of the input pair, as indicated in the basic transistor- of which are shown schematically in FIGS. 16 and 17. 
inductor structure shown in FIG. 1. The size ratio come* 1S Corresponding photomicrographs of the chip layout on a 
sponds to the ratio of the peak f r current density and the reduced scale are shown in FIGS. 16A and 17A. These 
minimum noise current density. A similar approach is used circuits would have potential applications in broadband 
for common base transistor Q2 in the LNA to increase gain optical fiber transmission at 10 Gb/s and 17.5 Gfa/s rcspec- 
by 1 to 2 dB. tively. The size of the output transistor was selected to meet 

Schematic layouts of the integrated circuits for the LNA ^ the output compression point specification whereas the input 
and double balanced mixer circuits are shown in FIGS. 14 transistor length was optimized to reduce the group delay 
and 15. Corresponding photomicrographs of the actual late- ripple within the 3 dB bandwidth by adjusting the Q of the 
grated circuit layouts, on a reduced scale, are shown in resonant circuit associated with the negative resistance of 
FIGS. 14A and 15 A. 50O micros trip transmission lines with the emitter-follower. The scries and shunt feedback resistor 
metal I ground planes were used at the local oscillator ^ values were designed to meet the gain and low frequency 
inputs, in order to minimis substrate losses and to provide input match specification. On-chip input inductors were 
a controlled and dispersion free transmission medium. employed to improve the input return loss at high frequen- 

The measured performance of the LNA and double bal- cies. The measured performance is summarized in Table 2. 
anced mixer are summarized in Table 1 for operation at 5.8 

GHz. The gain and input return loss of the LNA mixer are ^ TABLE 2 

shown in FIG. 11 and 12 respectively. The noise figure for 
the 5.8 GHz LNA is plotted vs. frequency in FIG. 13. The 
conversion gain of the mixer was measured with a noise 
figure meter and was confirmed with S parameter measure- 
ments with the mixer biased as an amplifier with dc LO 3J 
inputs only. The gain input return loss and group delay are plotted in 

FIGS. 18 and 19 as functions of frequency for the 12.6 GHz 
TABLE 1 bandwidth Darlington amplifier. The noise figure of the 7.1 

GHz Darlington amplifier is 5.7 dB at 2 GHz increasing to 
40 8.17 dB at 7 GHz. The 12.6 GHz Darlington amplifier has 
a noise figure of 7.1 dB and 12.5 dB at 2 GHz and 12 GHz 
respectively* 

Gain and bandwidth variation across the wafer for the 8 
The mixer and LNA circuits of the fourth and fifth dB gain amplifier was better man 0.8 dB and 1 GHz 
embodiments were based on silicon bipolar transistors. 45 respectively. 

Alternatively, these circuits may be implemented using In summary, the design methodology for the noise and 
silicon MOSFET transistors. Hie scalahle model for bipolar input impedance matched transistor-inductor structure is 
transistors mentioned above is adaptable to silicon MOS- based on two key features. First, the transistor geometry is 
FETs. For silicon MOSFEIs, the scalahle MISNAN modeL treated as a design variable to achieve matching of the real 
developed by Northern Telecom f .imited is employed. 50 part of the noise impedance of the transistor to the charao- 
Thus analogous MOSFET based circuits similar to those teristic impedance at the desired frequency, i.e. by adjusting 
described above, except mat the bipolar transistors are the emitter length or gate width. This approach is in contrast 
replaced with appropriately designed, noise matched silicon to conventional designs in which the transistor dimensions 
MOSFEIVlest measurements on the performance of MOS- (size) are treated as fixed parameters. Thus the transistor size 
FET based circuits are not yet available. A sample HSPICE 55 is selected initially to suit the application. Second a minimal 
input deck for Silicon MOSFETs is given in Appendix B. passive network is then designed around the noise matched 
The resulting analytical expressions for the noise param- transistor. Again, mis contrasts with the conventional 
eters of both bipolar and MOSFET devices allow for the approach in which a relative complex passive network is 
design of the transistor geometry to achieve noise matched required to provide noise and impedance matching. A con- 
devices at a given frequency f, and system impedance Z©. 60 ventional matching network is therefore considerably more 
The inventors believe, to the best of their knowledge, that lossy and occupies a much larger area than the relatively 
the LNA and mixer circuits described herein are the first simple matching network resulting from the methodology 
fully integrated silicon based mixer and low noise amplifier described herein. 

circuits which have been demonstrated to be operable at 5.8 Circuit performance is optimized using fewer 
Ghz, with performance which has previously only been 65 components, and the integrated circuit chip area is reduced, 
achieved using GaAs based circuits. Moreover, the circuits both factors being significant cost drivers in integrated 
occupy a record small area for a LNA and a mixer circuit. circuit manufacturing, f) 
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Thus, fabrication of highly cost effective, high perfor- decks for both bipolar and MOSFET transistors may be 

mance silicon integrated circuit for RF and wireless appli- adapted for these transistors. The design methodology is 

cations in the 5 to 6 GHz band is demonstrated to be feasible. particularly applicable to optimising noise and input imped- 

The inventors believe that this is a record high frequency for ance to reduce losses significantly, and obtain optimal per- 

a silicon integrated mixer and LNA circuit ciroUts This 3 {onaaacc ^ focg&td circuits designed in silicon or using 

achievement was ^ possible only by me used of the hctcrostnlctures such „ silicon-gcnniimum. Nevertheless. 

use of the topic level metal process to provide a low loss 10 . "~ . . . ] ^ 

metal 3 microstrip transmission line structure, using silicon senuconductor imegnted circuits, 
dioxide dielectric, and metal 1 ground planes. Furthermore, while simulations based on HSPICE are 

The transistor size for optimal noise match depends on described in detail, other commerciaUy available or custom 
operating frequency and bias current density, whether the <ksign tools may be used. 

circuit is implemented in silicon bipolar technology. Le. 15 While specific embodiments have been described in 
either bipolar junction transistors (BITS) or Heterojunction detail, it will be appreciated that variations and modifica- 
bipolar transistors (HBTfc); or field effect transistors. tions to these embodiments may be made within the scope 
MOSFET. MESFET, JFET. HENfT. Sample HSPICE input of the following claims. 
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APPENDIX A: HSPICE INPUT DECK FOR BIPOLAR TRANSISTORS 
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•Far reference: Sorio Mrinigescu x34574 
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.parani area E 'imqrrt»*i*T"htiBf {base c *jbase*area* 

* parasitica 
rbb h b n 
ree int_e e re 
roc inLje era 
IbbexUbbaJbhi 
fcemL_c0k 
kcext_£ mt_£l« 
cm h 0 cp 
coa ext_c 0 cp 
•op 

JOT i(vee) ibase ROUT = 50 RIN = 50 
jedec 10 0.1O60O 

♦ + SWEEP MONTE = 30 

+ sweep jbase poi 23 leS 13e5 2e5 3e5 4e5 6e5 7e5 8eS 

+ 9e5 1«6 LJe6 2e6 3e6 4e6 6e6 806 le7 13c7 2d7 3«7 4c7 6e7 8e7 

• + sweep voe poi 3 I 2 3 
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APPENDIX A: HSPIOB INPUT DECK FOR BIPOLAR TRANSISTORS 



* + eweep length poi 6 Su lOu 15u 20u 25u 30n 

* + sweep cmitte£_widtb poi 10 03u G.4u OSa 0J6u 0.7u 0.8u 09a UOu 
l.lu i.2u 

• 

.paremtv2 = O.0516 

+ rcb « *lv2(Xl.RE) + LV2(X1 JtBX) + n + re* 

+ Rd = *reb -f VI k 16(X1.Q) + 1 k 2(XI.Q/tv2/(y21(mr*2y 

+ 

Ocore m •yllOTl x 2(Xl.Qy((ieb + l/l x l6(Xl.Q))»rr2»(y21(m)**2) + 1 x 2(X1.Q)) 
+ 

Boor <= Wi)*! x 2(Xl.Qy((reb + VI x 16(XLQ))»tv2*(y21(m)»*2) + 1 x 2(X1-Q)) 

+Gopt = '*pt(((yll(m)**2)M * *(XI.Q) + <y2Km)**2)«ibasoy<l x 2<X1.Q) + Ir2* 
(rcb + W14(Xl.Q))*(y2l(in)**2)) - 

(yll(iri X 2(Xl.Qy<(reb + VI x 16(Xl.Q))nv2*y21(m)**2) + 1 x 2(X1.Q)))»*2) 
* 

+ 

nfaw « '10»logl0(l + 2*1 X 2(Xl.Qytv2f(y2I(m) , *2)*(yli(r) + aqrt((l + (rcb + 1/ 

1 x l6(Xl.Q))*tv2*(y21(m)*»2yi x 2(Xl.Q))»{yIl(m)*»2 + ibase/1 x 2(Xl.Q)*(y2 

l(m)«»2))-yll(i)"2))y ' i. 

.print k Rn - pwCreb + 1/1 x 16(X1.Q) + 1 x 2(Xl.Qytv2/(y21<in)»ny) 

+ 

Gccr = paiCyll(r)*I x 2(Xl.Qy((ieb + 1/1 x !6(Xl.Q))nv2*(y21(m)**2) + 1 x2(Xl 

.print ac 
+ 

Gopt = paf( , Kpt(((yll(ni)*«2)»l x 2(Xl.Q) + (y2l(m)"2)»ibasey(l x 2(Xl.Q) + 1 
v2»(teb + W14(Xl.Q))»(y2l(my2)) - . 

yll(i)»l x 2(Xi.Qy((reb + VI x l«(Xl.Q))»tv2*Cy21(m)"2) + 1 x 2(X1.Q)))**2) 
') 

+ Bopt a ptr(* - 

yll(i)»l x 2(Xl.Qy((reb + VI x 16(Xl.Q))»tv2»y21(mr*2 + 1 x 2CX1.Q))') 

.print ac 

+ 

nfann = P arflO»laglO(l + 2*1 x 2(XI.Q>^2/(y21(ni)«2)*<ylI<r) + «jrt((l + (re 

b + 1/1 x l6(Xl.Q))*tv2*(y2l(m)**2yi x 2(Xl.Q))*<yll<in)»*2 + ibaas/l x 2(X1.Q) 

-<y21(m)"2»-yllCi)**2))y) 

MEASURE Sc' find I x 2(X1.Q) it SJBQ 

MEASURE *jc' find paxfl x 2<Xl.Q)*ic - Ware**) at SSO 

MEASURE t aaa_k* find pmi('Vl x 2(Xl.Q)') at SJO 

MEASURE *NRn' find 

ptiC(reb + 1/1 x 16(X1.Q) + 1 x 2<XlJQytv2/<y21(m)»*2)y5(r) at 5.80 
MEASURE ■Ngccr* find 

*=p«0yn(r)*l x 2(Xi.Qy((»b + VI x 16(Xl.Q))»rv2*(y21<in)"2) + I x 2(X1.Q)) 
*) 

+ at5*G 

MEASURE *N£op* find 
+ 

p<«|rt((<yll(itty"2)«l x 2(Xl.Q) *■ (y21(m)»»2)»ibasey(l x 2(Xl.Q) + tv2»(reb 
+ lTl4<Xl.Q)>*(y21<m)"2)) - 

<yll(i>M x 2(Xt.Qy((icb + VI x 16(Xl.Q))*tv2*<y21(in)»*2) + 1 x 2(X1.Q)))»*2) 
•> 

+ at5.80 

MEASURE Wcp* find a pax<* «= 

yllTO'i x 2(Xl.Qy(0eb + VI x 16(Xl.Q))^v2*(y21(m>»*2) ♦ 1 x 2PCI.Q))') 

+ at5.80 

MEASURE *NF 

+ flnd 

+ 

p<lO*k>glO(l + 2*1 x 2(Xl.Qytv2/(]r21(m)*«2Xyll(r) + «qxt((l + (rcb + VI x 
16(Xl^))nv2»(y2l(m)»»2yi x 2(Xl.Q)r(yll(m)**2 + ibwe/1 x 2(Xl.Qr(y2l( 
mr2))-yll(ir»2))V) 
+ •15.80 

♦MEASURE 'beta 1 find lvlO(Xl.Q) it 5AO 
MEASURE 4 ftau7 find parCa21(m)*2/Hpta - 
<h2l(myivlO(Xl.Q))»*2r) at 2G 
MEASURE *rr when h21(db) = 0 
MEASURE *&nax' 

+ WHEN par( 4 «21(m)*«21<iny(l - sll<m)»sll(m)y<l - &22(m>*s22(m))*) = 1 

MEASURE t ill_r* find cll(r) at SXQ 

MEASURE %ll_J' find all(i) at 5£0 

MEASURE *621_r* find «2l(r) at 5&Q 

MEASURE ^21_J* find *2l(i) at 5.80 

MEASURE *sUL-r' find tl2(r) at SJBO 

MEASURE *12J* find «12(i) at 3.80 

MEASURE UL-r* find «22(i) at 5JBG 
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APPENDIX A: HSPICE INPUT DECK FOR BIPOLAR TRANSISTORS 



MEASURE l B22_i* find &22(i} at 5.80 
XJB 

VbOTAami/brrkt>.tJ/flOTmv/PTO^ 
oosn 

inc */bDtABca/bcfks2d^l/Bomv/ProceKsFile$Aa 
• 

♦.all 
♦XIB 

Ybnr/users/bafc*2e£_ 1 /sorinv/PracesiFfleatal 8/techDology Jil25 .wont 

'wont 

•.all 

•UB 

best 
» 

END 

APPENDIX B: HSPKE INPUT DECK FOR MOSFET TRANSISTORS 
FmiD(®2JaHzV fT, MAX Vs Ic 
'Based on 

*GJ>smbrine et at, *"A New Mrthrvi for On Wafer Noise Measurement", 

* IEHE-MTT, wWl, pp.375-381, 1993. 
OPTION nopage autoatop search » * * 
.OPTION INGOLD = 1 

.OPTION ABSVAR » .025 DVDT RELVAR = 0j05 NEWTOL 

.OPT POST = 2 faspfot plot format 

PARAM vce = 2.5 

.NET i(vce) vgs ROUT = 50 RIN = 50 

vce ext_c 0 vce 

vgs cxt_b 0 ac a 1 dc = vgs 

mft c b e e MNCH.0P8 

+ L=LL 

+ w=ww 

4-AD«=5e-ll 
4- PD = 8.3e - 05 

* AS = Sc- 11 

* PS « 8.3© -05 

* para ai DCt 

.param is = 5 ls = 5j0c - 11 ro « 1.0 k » 20c - 11 cp = O0e - 14 

rbb inL_b b is 

tee taL_e e ic 

ice fax_c c n 

Ibb exub mO b 

leeint_e 0 le 

loc ext__C int_C Is 

cin ext. , .b 0 cp 

coot exLJC 0 cp 

.param WW a 32c - 05 LL = 8e - 07 vgs » 1 p = 0.666 
•param itb = *n + re* « *WW # LL' 

.ac doc 100.10400 

* t x 10 bias 

-I- sweep vgs 0.5 3J 0.1 

•+ sweep voe poi 3 12 3 

.param Rno *reb + p*l x 7(mfty(y21(m)«*2)* 

.param Ooor « V"<i)*P*l * 7(mfty<(reb)*(y2i<m)~2) + p*l x 7(mft))* 
.param Bear = i yll(i)*p*l x 7(infty((reb)*(y21<m)*^t) i-pM x 7(mft)y 
jmn 

Oopt = *eqn(((yll(ni)*»2)»p*l x 7(mft)y(p*l x 7(mfi) + (reb)*<y21<m)»»2)) - 
•y UCO *P p l k 7(nrfky((D3br<y21(mr*2) + p»l x 7(mft)))**2)' 

+ 

ufirnn = *10nqglO(l + 2yi x 7(mfky(y2l(n^»*2)^yll(r) + sqrt((l + (reb)ny21 

(m)»*2yp/l x 7(mft))^yll(m)*»Z) -yll0)**2))y 

.print ac Ro = par(Teb + p*l x 7(mfty(y21(in)**2) f ) 

+ Ocor = patCylKr)Vl * 7(mfty((reb)*( y 21(n0*»2) + p»l x 7(mft))*) 

.prim ac 

+ 

Oopte pai(*ac^(<yU(m)»*2)»p*l * 7(raft)y(p*t x 7(xnft) + (reb)»<y21<m)**2) 
) - *tyll(0*P*l * 7(nfty((»b)«<yH(in)**2) + p*l x 7(mft))>"2y) 
+ Bopt o paiC - jll(i)*pM x 7(oafty((reb)*y21(m>**2 + p*l x 7<^Ift)) , ) 
sprint ac 
+ 

nnmn = p«ClO»JoglO(l + 2*p*l x 7(mfty(y21(m)«*2)*CyU(r) sqrt((l + (ceb)* 
•y21(m)**2yp/l x 7(mft))»(yU(m)»»2) - yll(i)**2))y) 
MEASURE 4 kT find 1 x 4(mft) at 2-50 
MEASURE *jd' find par('l x 4{mftyarea') il 2.SO 
MEASURE *gm* find pain x 7 (mft)*) at ZSG 
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APPENDIX A: HSPK3B INPUT DECK TOR BIPOLAR TRANSISTORS 

MEASURE Wtn' find pax( t rcb + p*l x 7(mfty(y2Um)*»2)') at 2JO 
MEASURE 'Ngcor* find 

= pai(*yll(r>Vl * 7<mfty((rcb)«<y21(m)*»2) + p*l x 7(mft))') 
+ •1X50 

MEASURE *N$Dp' 6nd 

+ p«<*«pt(((jIl<in)"2>*P*l x 7(mft)y(p*l x 7(mft) + (rd>)»(y21(m)**2)) - 

H(i)V 1 x 7(mfty((icb>*(y2l(ia)»'2) +p*lx 7(mft)))*»2)*) 
+ H2.5G 

MEASURE T^bop* fiwUpazf- 

yll(i)V» x7(xnfty((reb)«(y21(m)»-2> + p'l x 7(mft))') 

+ alZ50 

MEASURE TO 1 * 

♦ find 

+ 

paiC10*k«10(l + 2*p*l x 7(mftY(y2Um)**2)nyll(r) + sqrtCCl + (reb)ny21(m 
rnypfl x 7(mfk))*(y"(m)**2) - yll(i)»*2))y) 
+ *2JQ 

MEASURE tT when h21(db) = 0 
MEASURE *fam* 

4- WHEN parC«21<m)*i2I(mya - •ll(m)*ill(n)y(l - «22(m)*i22(m)r) = 1 

MEASURE UL_r' find ■ll(r) it IX 

MEASURE U1_J' 6nd ill(i) at 2.5G 

MEASURE *m_s2t* find B21<m) at 2 JO 

• 

XJB 7bnx/nlcad*ipWtcchrnte^^ TYPICAL 
END 

What is claimed is: the first inductor being a source coupled inductor L £ for 

1. An integrated circuit including an integrated transistor- 30 matching the real part of the input impedance and 
inductor structure comprising: second inductor being a gate coupled inductor L F 

a transistor having geojnertc dimensions comprising a ^^SZSXtSL^ * "* ^ ""^^ 

characteristic dimension, the characteristic dimension 5 A structure according to claim 1 comprising a second 
being an emitter length, l s for a bipolar transistor, and transistor for input/output buffering, the second transistor 
a gate width w, for a field effect transistor, the char- coupled to thefirst transistor in cascode configuration, the 
acteristic dimension being selected to provide the real size ratio of Ql to Q2 being determined by the ratio of the 
part of the optimum noise impedance equal to the peak f r current density and the minimum noise current 
characteristic impedance of the integrated circuit Zq, density. 

thereby providing nodsc rnatching of the transistor at a 6. A structure acoorcling to claim 1 wherein the charac- 
selected operating frequency and bias current density; <° ^"jgS ^ Wording to claim 3 wherein the 
and a passive matching network consisting of a first bipolar transistor is selected from the group consisting 
inductor for matching the real part of me input imped- bipolar junction transistors (BJTs) or heterojunction bipolar 
ance to and a second inductor for cancelling out the transistors (HBTs). 

imaginary part of the input impedance and the noise ^ 8. An integrated circuit according to claim 7 implemented 
reactance respectively, the circuit thereby providing in silicon. 

simultaneous noise and input impedance matching. . An integrated circuit according to claim 7 implemented 
2 A silicon integrated structure according to claim 1 silicon^amamum. 
wherein the first inductor L^o* where o^is operational "vf£ "*^^ A * ^ 7 bapU> ' 

t^^^^^l^^Um^ „ ^^L^TSa^C^ 7 imple- 
wherein is the total input capacitance of the transistor. masted in GaAs. 

3. An integrated circuit according to claim 1 wherein 12. An integrated circuit according to claim 4 wherein the 
thf tran?fet" r """T"'^ * bipolar trniwictor i-ytmpridng «n field effect transistor is s elected from the group comprising 

emitter, base and collector, coupled in common emitter MOSHTTS, MESFETS, JFEIS, and HEMT transistors, 
configuration, the length 1^ of me wnlttpr being opti- & 13. An integrated circuit according to claim 6 wherein the 
mi-rpA to provide noise mntrfiiTig of the transistor, field effect transistor is a silicon MOSFBT. 
mefu^mo^teinganeM^ 14. An integrated circuit comprising adding to claim 3 

matching me real part of the input iinpcdance 7^ and 3^n^ 

the second inductor being a base coupled inductor L a ««*8»^«- common base mode, for input/output buffer- 
for matching the in^ary part of the i eo 1 15. A circuit according to claim 14 wherein the size ratio 

and nensereartancc tooa of ^ lcngtns ^ ^ ^ ^ transistors is 

4. An integrated arcurt according to claim 1 wherein determined by theratioof me peak f r current density to the 
the transistor comprises a silicon field effect transistor minimum noise current density. 

comprising a gate, source and drain, coupled in com- 16. An integrated circuit comprising according to rf«8m 4 
moo source configuration, the width w 0 of the gate 65 comprising a second field effect transistor, coupled in cas- 
being optimized to provide noise matching of the code configuration, common gate mode, for input/output 



transistor, buffering. 
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17. A circuit according to claim 16 wherein the size ratio 
of the gate widths of the first and second transistors is 
determined by the ratio of the peak f T current density to Che 
minimum noise current density. 

18. An integrated circuit including an integrated 
transistor-inductor structure comprising: 

first and second bipolar transistors in cascode 
configuration, each transistor comprising an emitter, 
collector and base, the first transistor being coupled in 
common emitter mode and the second transistor 
coupled in common base mode, the first transistor 
having a emitter length l& selected to provide the real 
part of the optimum noise impedance equal to the 
characteristic impedance of the integrated circuit 
thereby providing noise matching of the transistor at a 
selected operating frequency; 

a first inductor L e coupled to the emitter of the first 
transistor* for matching the real part of the input imped- 
ance to 2^. and a second inductor L^. coupled to the 
base of the first transistor, for cancelling out the imagi- 
nary part of the input impedance and the noise reac- 
tance respectively, the circuit thereby providing simul- 
taneous noise and input impedance matching. 

19. A circuit according to daim 18 wherein an emitter 
length Ijh of the second transistor is selected to provide that 
it is biased at the current density at which its cutoff fre- 
quency reaches a maximum for maximizing gain and fre- 
quency of operation. 

20. A circuit according to claim 18 wherein the ratio of the 
emitter lengths of first and second transistors is determined 
by the ratio of the peak f r current density to the minimum 
noise current density. 

2L The circuit according to claim 18 operable as a low 
noise amplifier, comprising: 
means for supplying a first input signal coupled to the first 

transistor base through the second inductor L^, 
the transistor emitter coupled to an emitter degeneration 

means comprising the first inductor L^, and output 

means coupled to the collector of the first transistor for 

generating an output signal 

22. The circuit according to claim 18 operable as a mixer 
circuit, comprising: 

means for supplying an first input (RF) signal coupled to 
the first transistor base through the second inductor 

a second base inductor coupled to the base of the second 
transistor and means for supplying a second input (LO) 45 
signal coupled to the second transistor through the 
second base inductor; 

the transistor emitter coupled to an emitter degeneration 
means comprising the first inductor Lg, and 

output means coupled to the collector of the first transistor w 
for generating an output (IF) signal. 

23. An integrated circuit according to claim 21 wherein 
the output means comprises an LC filter. 

24. A silicon integrated circuit structure comprising a 
integrated transistor-inductor structure for operation as a 
double balanced mixer, comprising: 

an input pair of common emitter transistors Ql and Q2» a 
miring quad comprising two differential pairs of com- 
mon base transistors Q3 and Q4. and Q5 and Q6. each 
transistor of the input pair Ql and Q2 coupled to an 
emitter of a respective one of the pairs of the mixing 
quad; 

a pair of emitter inductors L B coupled to the emitters of 



the input pair Ql and Q2, the emitter inductors L M 
providing emitter degeneration means, and a base 
inductor coupled to the base of one of first pair of 
Ql and Q2, the other base being AC grounded; 



input means for supplying differential input (RF) signals 
coupled to the bases of the input transistor pair through 
the second inductor LB. 
input means for supplying differential second input (LO) 
signals coupled to respective bases of each pair of 
transistors of the mixing quad, 
output means coupled to collectors of pairs transistors of 
the mixing quad for generating a differential output IF 
signal; and 

each of the transistors of the input pair Ql and Q2 having 
a emitter length Ig. selected to provide the real part of 
the optimum noise impedance equal to the character- 
istic impedance of the integrated circuit Zq* thereby 
providing noise matching of the transistors at a selected 
operating frequency; 
the emitter inductors L E coupled to the emitter of the input 
transistors, for matching the real part of the input 
impedance to 2^. and die second inductor L*. coupled 
to the base of one of the input transistor, for cancelling 
out the imaginary part of the input impedance and the 
noise reactance respectively, the circuit thereby provid- 
ing simultaneous noise and input impedance matching. 

25. An integrated circuit according to claim 24 wherein 
the size ratio of the transistors in the mixing quad and the 
input pair is based on ratio of the peak f r current density and 
the minimum noise current density. 

26. An integrated circuit according to claim 24 including 
an LO reject filter comprising an series LC filter coupled to 
between differential IF output ports. 

27. An integrated circuit according to claim 25 including 
a parallel LC resonator tuned on the second RF harmonic as 
an AC current source coupled in the emitter of the input pair. 

. 28. A silicon integrated circuit structure comprising a 
transistor-inductor structure for operation as a low noise 
differential amplifier, comprising: 
an input pair of common emitter transistors Ql and Q2. 
and an output pair of common base transistors Q3 and 
Q4 coupled in cascode configuration; a pair of emitter 
inductors L f coupled to respective emitters of the input 
pair Ql and Q2. and a pair of base inductors L B coupled 
to me respective bases of the input pair of Ql andQ2 t 
means for receiving a first input signal pairs coupled to 
respectively to the bases of the first transistor pair 
through the second inductors L*, 
for generating a pair of output signals at the collectors of 

the second transistors Q3 and Q4; 
each of the transistors of die input pair Ql and Q2 having 
a emitter length 1^ selected to provide the real part of 
the optimum noise impedance equal to the character- 
istic impedance of the integrated circuit Zq, thereby 
providing noise matching of the transistors at a selected 
operating frequency; 
the emitter inductors h E coupled to the emitter of the input 
transistors, for matching the real part of the input 
impedance to Zq, and the base inductor Lp, coupled to 
the base of one of the input transistor, for cancelling out 
the imaginary part of the input impedance and the noise 
reactance respectively, the circuit thereby providing 
simultaneous noise and input impedance matching. 
29. An integrated circuit according to claim 28 wherein 
the emitter lengths of the first and second pairs of transistors 
of the differential amplifier are twice as large as the corre- 
sponding emitter lengths in a corresponding single ended 
65 amplifier circuit 
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